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In order to reduce power consumption in the sub-32 nm complementary MOS (CMOS) technologies, high-k (HK) dielectric materials in association with metal gates (MG) materials are used. 1 HK materials with high permittivity are used as gate dielectrics because they exhibit a low equivalent oxide thickness (EOT) while keeping a higher physical thickness when compared to silicon oxides (SiO 2 ), therefore reducing gate leakage currents. Over the last years, hafnium oxides (HfO 2 , HfSiO 2 , and HfSiON) deposited on a thin pedestal SiO 2 (or SiON) interfacial layer (IL) have become a serious industrial alternative to classical SiO 2 dielectrics. 2, 3 On the other hand, the use of MG materials eliminates the polycrystalline silicon (poly-Si) depletion effect that increases the EOT. However, while tuning the poly-Si doping allows to modify the effective work function (EWF) and to provide adequate threshold voltages (V t ) for both n-MOS and p-MOS transistors, the use of MGs does not allow to easily modify the EWF. A solution to this problem is given by the introduction of a thin capping layer of a rare-earth oxide material between the MG and the HK dielectric. 4, 5 In n-MOS transistors, lanthanum oxide (La 2 O 3 ) is used to provide a negative shift in the V t . The physical effect behind the negative V t shift is that in a gate-first approach, the HK and MG are deposited before the fast high temperature spike anneal used for source and drain dopant activation. During the spike anneal, lanthanum atoms diffuse from the La 2 O 3 capping layer through the HK and form lanthanum silicates (LaSiO bonds) at the HK/IL interface. [6] [7] [8] The LaSiO bonds are believed to form electrical dipoles at the HK/IL interface, which are responsible of the V t shift. 5, 9, 10 Thus, the V t shift is expected to be related to the number of LaSiO dipoles resulting from the La diffusion threw the HK and the LaSiO formation reaction at the HK/IL interface. However, technology relevant n-MOS MG-HK stacks such as TiN/ La 2 O 3 /HfSiON/SiO 2 /Si use ultra-thin HK and IL (<3 nm). This makes difficult the study of the La diffusion and reaction mechanisms described above, even though some interesting results were found using electron energy loss spectroscopy, x-ray photoelectron spectroscopy and high resolution transmission electron microscopy. 8 In this work, dedicated gate stack test structures (TiN/La 2 O 3 /HK/IL/Si) with thick HK and IL were intentionally used in order to more reliably investigate the different physical mechanisms occurring during La diffusion in the HK stack. A La diffusion model was finally developed based on the experimental investigations.
The TiN/La 2 O 3 /HK/IL/Si stacks were prepared using a gate-first approach on 300 mm Si (100) wafers. In order to study the diffusion and reaction mechanisms in the HK and IL, we used two series of samples: (i) "thick" HK (15 nm) on "thick" IL (10 nm) and (ii) "thin" HK (2.5 nm) on "thicker" IL (20 nm). Series (i) and (ii) samples allow us to study the diffusion mechanisms, respectively, in the HfSiON HK and the SiO 2 IL.
Initial silicon substrate was cleaned using a hydrofluoric acid solution. A rapid thermal oxidation of the silicon substrate at 1100 C and 1150 C were used to form a 10 nm and 20 nm thick silicon oxide SiO 2 layer, respectively, for series (i) and (ii) samples. The 2.5 nm HfSiON film of series (ii) was deposited by metal organic chemical vapor deposition (MOCVD) of HfSiO followed by a decoupled plasma nitridation (DPN) for 90 s in order to inject nitrogen N in the HK layer. For series (i) samples with a 15 nm HfSiON layer, the HfSiO MOCVD and DPN steps were repeated 6 times. In order to homogenize the N density in the HfSiON, a post nitridation anneal was used for both thin and thick HK done using a reference sample (not shown here) analyzed by atom probe microscopy. The etch rates during ToF-SIMS measurements are different for the stack's different materials. Thus, for series (i) samples where a thick HK was used, depth calibration was made for the HfSiON based on its process thickness (15 nm). The other materials thicknesses are less accurate, however this does not represent a major issue in our study of La diffusion in HfSiON.
For series (ii) samples with a thin HK (2.5 nm) on a thicker IL (20 nm), SIMS results are more difficult to interpret. LaSiO formation after anneal may be important in this case due to the proximity of the HK/IL interface from the La 2 O 3 layer forming a thin layer of LaSiO leading to a more difficult La concentration and depth calibration. In addition, following the HfSiON thin layer etch by the SIMS beam, a part of the Hf atoms form a metallic aggregate at the HfSiON/SiO 2 interface, which leads to a lower etch rate of the SiO 2 material, therefore, complicating the SIMS calibration and interpretation for series (ii) samples.
Thick HK/thick IL corresponding to series (i) samples were first analyzed. Figure 1 shows the La þ , Ti þ , and HfO þ clusters intensities versus depth for the as-deposited sample, where we can clearly distinguish the positions and thicknesses of the different layers of the stack. We can notice that the different species profiles are slightly spread in neighboring layers, which is due to SIMS resolution artifacts at the different interfaces, the real intensity profiles being more rectangular. The annealed samples SIMS profiles are shown in Fig. 2 . Isochronal anneals (50 s) between 1000 C and 1080 C indicate that La diffusion increases in the temperature interval (see Fig. 2(a) ) suggesting that the La diffusion mechanism is thermally activated. Previous literature results 7, 11 showed that La diffusion in the HK is rather source limited depending on the concentration of La in the La 2 O 3 capping layer. This effect was observed in our samples where we noticed (not shown here) that La concentration in La 2 O 3 slightly decreases with annealing temperature. However, in addition to the La 2 O 3 source effect and according to our experiments, the thermally activated La transport in the HK cannot be ignored. Isothermal anneals at 1040 C and 1080 C are shown in Fig. 2(b) . It is found that at both temperatures, La diffusion exhibits a transient behavior and stops after $30 s. The La diffusion saturation with time in this case is a chemical reaction kinetic effect. Indeed, as mentioned above, La reacts with SiO bonds at the HK/IL interface forming lanthanum silicates LaSiO in a stable phase, probably stopping the La diffusion and explaining the overlapping of 30 and 50 s curves in Fig. 2(b) . Consequently, two mechanisms both in agreement with literature results, [6] [7] [8] explain SIMS data of Figs. 2(a) and 2(b): a diffusion mechanism of La atoms that is thermally activated and a kinetic reaction mechanism explaining the diffusion saturation versus time due to LaSiO dipoles formation at the HK/IL interface.
Thin HK/thicker IL series (ii) samples were also analyzed. Figure 3 shows that La diffuses after thermal anneals in the HfSiON material compared to the as deposited sample. However, as previously explained, SIMS resolution limits on these thin HK/thick IL samples could not be resolved. Some uncertainties on the positions and depths of the different materials in the stack persisted, so that further modeling based on these data was not possible. In series (ii) samples, given the thickness of the HfSiON (2.5 nm) and the proximity of the HK/IL interface from the La 2 O 3 capping layer, the La diffusion saturation occurs probably faster, forming a thin LaSiO layer between the HK and the IL, even after 10 s of anneal. 
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In the following, we will concentrate on the evaluation and modeling of La diffusion in the thick HK/thick IL series (i) samples in order to have a better understanding of La diffusion in the TiN/La 2 O 3 /HfSiON/SiO 2 /Si stack. Previously, we assumed that the La diffused profiles can be explained by two mechanisms: a thermally activated diffusion mechanism allowing the La atoms to reach the HK/IL interface and a kinetic reaction mechanism due to LaSiO dipoles formation at the HK/IL interface that blocks the diffusion mechanism explaining diffusion saturation versus time in Fig. 2(b) . The simulations will allow us to check the validity of our assumptions. The diffusion model developed here was implemented in Synopsys Sentaurus Process (SProcess) technology computer aided design (TCAD) tool using the scripting language Alagator 12 that is used to define the species and their different related equations in the HfSiON material and at the La 2 O 3 /HfSiON interface. Our model mainly deals with the diffusion of La in the HfSiON material. The La diffusion equation is, therefore, considered only in this material. Given the SIMS results in the 1 nm La 2 O 3 layer where the La concentration is almost unaltered after thermal anneal, a Dirichlet boundary condition 13 is considered at the La 2 O 3 /HfSiON interface, according to which the La 2 O 3 layer is an infinite source emitting La in the HfSiON. A constant La concentration is considered in the La 2 O 3 layer that was adjusted to the one measured by SIMS at the La 2 O 3 /HfSiON for the asdeposited sample. The simplest diffusion equation that can be used for La is Fick's second law 14 described by
where La is the concentration of lanthanum in cm À3 and D is the La diffusivity in cm 2 s
À1
. Before going further, we should notice that the isotropic diffusivity chosen in Eq. (1) is quite simplistic and assumes that the HK material is amorphous. However, it has already been noticed 15 that for thick HK layers, some partial crystallization may take place after the thermal anneal leading to the formation of crystalline regions within the amorphous HK layer. In this case, La diffusion may be monitored by different complexes, clusters, and grain boundaries formed during the thermal anneal and leading to an anisotropic diffusivity. Therefore, if the partial crystallization is confirmed, the diffusivity D in Eq. (1) should be considered as an effective diffusivity in our one dimensional structures. Figure 4 shows the TCAD simulation results using Eq. (1) for samples annealed at 1040 C for 10, 30, and 50 s, with D fixed at 6.10 À15 cm 2 s
. As expected when using Fick's second law of Eq. (1), the longer the anneal time, the more La diffuses. This does not correspond to the experiments (see Fig. 2(b) ) indicating diffusion saturation versus time of anneal. La reaction from the La 2 O 3 capping layer with SiO bonds from the HfSiON HK and the SiO 2 IL are quite complex and related to the phase diagram for the La 2 O 3 .SiO 2 binary system. 16 We simplify the different chemical reactions leading to the LaSiO formation at the HK/IL interface using the following reaction:
where k f is the forward LaSiO formation reaction constant. Reaction 2 limits the diffusion of La in the HfSiON and in order to further simplify our model, we consider that the reaction takes place in all the material and not only at the HK/IL interface. Considering that a La infinite source was considered with the Dirichlet boundary condition at the La 2 O 3 /HfSiON interface, La is not a limiting factor for reaction 2, and SiO bonds follow the 1st order differential equation:
whose analytical solution is: SiOðtÞ ¼ SiOðt ¼ 0Þe Àk f t , where SiO(t ¼ 0) is the concentration of SiO bonds at the initial time of anneal. Thus, defining S(t) as the unitless function: 
We should notice that Sðt ¼ 0Þ ¼ 1 and SðtÞ À! t!1 0 and thus the effective diffusivity D.S(t) will tend towards 0 versus time, which will block the diffusion mechanism and will reproduce the diffusion saturation versus time. The La diffusion model represented by Eqs. (3)- (5) , where k B is the Boltzmann constant and T is the temperature in C. The results of the TCAD simulations are shown in Fig. 5 . As we can see on Fig. 5(a) , diffusion saturation at 1040 C is correctly modeled. Diffusion saturation versus time at 1080 C (not shown) was also correctly modeled. Thus, our hypothesis concerning a kinetic effect due to the formation of LaSiO dipoles has been verified. On the other side, the diffusivity D follows an Arrhenius law versus temperature, and the thermally activated diffusion mechanism is also verified. The thermally activated diffusion mechanism represented in Fig. 5(b) shows a good agreement between TCAD and SIMS results in the tails of the La diffused profiles. However, the agreement between simulations and experiments worsen near the La 2 O 3 /HfSiON interface.
Actually, we can observe that near the La 2 O 3 /HfSiON interface, where the La concentration is very high, La diffusion is stronger than far from the interface where La concentration is lower. In addition, the La diffusivity for high La concentration increases with temperature. Thanks to the simulations, we were able to reproduce this effect using the following improved La diffusion equation:
with S(t) already defined in Eq. (4) and La 0 is a fitting parameter. Equation (6) . TCAD simulations results are presented in Fig. 6 . Fig. 6(a) shows that the diffusion saturation effect is correctly modeled using Eq. (6) temperatures. Thus, we can see on Fig. 6(b) a very good agreement between experimental and simulated results. This one dimensional La diffusion model in HfSiON of Eq. (6) can be easily extended to two and three dimensions and coupled with a device dipole model in order to predict V t shifts in n-MOS transistors as a function of the number of LaSiO dipoles formed at the HfSiON/SiO 2 interface following a given thermal budget. Yet, it should be noticed that for a thinner HK layer as the one in series (ii), we may have a predominance of the reaction mechanism and the formation of a lanthanum silicates LaSiO layer between the HK and IL. Thus, the diffusion model developed here for thick HK should be supplemented by a growth reaction model as in Ref. 17 for the formation of LaSiO layer at the HK/IL interface in our case.
In this work, we studied the La diffusion after high temperature dopant activation anneal in TiN/La 2 O 3 /HfSiON/ SiO 2 /Si HK stacks of n-MOS transistors that are used to get a negative shift of the V t threshold voltage following the formation of LaSiO dipoles at the HfSiON(HK)/SiO 2 (IL) interface. We used ToF-SIMS measurements on high-k stacks with thick HK and IL, annealed at different temperatures and times, in order to evaluate La diffusion in the different materials of the stacks. The thick HK/thick IL SIMS data allowed us to observe two mechanisms explaining the diffused La profiles: a thermally activated diffusion mechanism leading to the migration of La from the La 2 O 3 capping layer to the HfSiON(HK)/SiO 2 (IL) interface and a kinetic reaction mechanism due to the LaSiO dipoles formation at the same interface and explaining the La diffusion saturation versus time. A TCAD diffusion model was developed and allowed us to confirm these two mechanisms.
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